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SPECTRALLY SELECTIVE PHOTODETECTORS FOR THE 
MIDDLE AND VACUUM ULTRAVIOLEl" 

by 
Lawrence Dunkelman, Walter Fowler and John Hennes 

Paper No. WC 17 presented a t  t h e  Los Angeles Meeting 
of t h e  Op t i ca l  Soc ie ty  of America 

October 18, 1961 

The need f o r  photodetectors  which e f f i c i e n t l y  d e t e c t  
r a d i a t i o n  i n  t h e  middle and vacuum u l t r a v i o l e t  but which a r e  
r e l a t i v e l y  i n s e n s i t i v e  t o  near u l t r a v i o l e t  and v i s i b l e  l i g h t  
has l e d  i n  recent  years  t o  the  development of a v a r i e t y  of 
s p e c t r a l l y  s e l e c t i v e  u l t r a v i o l e t  photodetectors .  H. L. S o w e r s  
has repor ted  on a middle UV detec tor  i n  paper WC 15 of t h i s  
meeting. I n  t h i s  and the  fol lowing two papers ,  WC 18 and 
W! 19, w e  s h a l l  review some of t h e  work done on o t h e r  improved 
photodetectors  s i n c e  our  repor t  t o  t h e  Columbus meeting of 
t h e  Optical Socie ty  fou r  years ago and t h e  F i f t h  I n t e r n a t i o n a l  
Commission f o r  Optics  Meeting of 1959.l 
W as extending from 3000 t o  2000 Angstroms and the  f a r  or 
vacuum W as extending from 2000A t o  t h e  s h o r t e r  wavelengths. 

In t h i s  f i r s t  paper,  WC 17, w e  s h a l l  review t h e  s p e c t r a l  
d i s t r i b u t i o n  of pho toe lec t r i c  y i e l d s  of t h e  su r faces  of va r ious  
phototubes and photomult ipl iers  prepared by both i n d u s t r i a l  
and governmental l abo ra to r i e s .  In t h e  second paper,  WC 18, 
spectral response,  gain and noise  c h a r a c t e r i s t i c s  of new 
commercial cesium t e l l u r i d e  photomult ipl iers  w i l l  be discussed  
i n  detai l .  In t h e  t h i r d  paper, WC 1 9 , t h e  c h a r a c t e r i s t i c s  
of photo ioniza t ion  chambers a r e  given a 

S e l e c t i v e  photoemit t ing su r faces  may be of t h e  pure meta l  
types ,  as has been repor ted  by Rentschler'  and o t h e r s  s i n c e  
t h e  1920's and which have been s t u d i e d  i n  t h e  vacuum W region 
by Watanabe and Hinteregger' and by Walker, Wainfan and Weissler 
and o t h e r s  s i n c e  the  1950's.  Such pure metal  su r f aces  genera l ly  

W e  de f ine  t h e  middle 
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have l o w  quantum e f f i c i e n c i e s  i n  t h e  middle W,  a review of 
t h e s e  r e sea rches  i n  p h o t o e l e c t r i c  e m i s s i o n  from s o l i d s ,  
emphasizing t h e  vacuum W ,  is con ta ined  i n  a c h a p t e r  by 
Weissler i n  V o l  X X I  of Handbuch d e r  Physik 

The photocathode may a l s o  be a composite s u r f a c e  such  a s  
t h e  w e l l  known Cs-Sb or t h e  s e l e c t i v e  a l k a l i  t e l l u r i d e s  having 
h i g h  y i e l d s  a s  r e p o r t e d  i n  1953 by Apker5 and h i s  c o l l e a g u e s  
of t h e  GE Research Laboratory S ince  then  Harper and Choyke, 
Roderick,  Kretschmar, Sowers, Linden, Sommer, Causse and 
o t h e r s  have prepared a l k a l i  t e l l u r i d e  opaque and semi- t ransparent  
s u r f a c e s .  In some c a s e s  t h e i r  photoemissive p r o p e r t i e s  were 
s t u d i e d  a t  t h e  Naval Research Laboratory i n  t h e  1950's and 
i n  o t h e r  cases  more r e c e n t l y  a t  our own l a b o r a t o r y .  

F igu re  1 g ives  t h e  s p e c t r a l  response  ( p h o t o e l e c t r i c  y i e l d )  
of s e v e r a l  photocathode m a t e r i a l s  i n  t h e  vacuum and middle 
u l t r a v i o l e t  r eg ions  from 1000 t o  3500 Angstroms. The extreme 
r i g h t  curve  shows t h e  s h o r t  wavelength p o r t i o n  of t h e  response  
of t h e  w e l l  known Cs-Sb, 1P21 p h o t o m u l t i p l i e r  which has a g l a s s  
envelope and is used p r i m a r i l y  i n  t h e  v i s i b l e  r e g i o n ,  By 
employing a W t r a n s m i t t i n g  g l a s s ,  Corning 9741, t h e  1P28 
p h o t o m u l t i p l i e r ,  i n t roduced  some 15 y e a r s  ago, ex tends  t h e  
Cs-Sb range by w e l l  over  1000A, or  i n t o  t h e  beginning  of 
t h e  vacuum u l t r a v i o l e t ,  By u s i n g  a q u a r t z  enveloped Cs-Sb 
photosur face ,  which w e  desc r ibed  i n  t h e  J o u r n a l  of t h e  O p t i c a l  
Soc ie ty  of  America over  10 y e a r s  ago6, t h e  range is extended 
t o  approximately 1600A, Th i s  tube  became commerically a v a i l a b l e  
s e v e r a l  years  ago a s  type  7200. Recent ly  w e  have examined 
Cs-Sb w i t h  a calcium f l u o r i d e  window. The f i g u r e  shows t h e  
f u r t h e r  ex tens ion  of t h e  compara t ive ly  f l a t ,  h igh  quantum 
y i e l d  of Cs-Sb down t o  1225A wi th  t h i s  phototube The f a r  
u l t r a v i o l e t  w i n d o w s  a r e  i d e n t i f l e d  i n  t h e s e  f i g u r e s  by be ing  
enc losed  i n  a box. 
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In  cases  where high y i e l d s ,  s e l e c t i v e  t o  wavelengths 

below 3000A a r e  d e s i r e d ,  a photosurface such a s  Rb-Te is 

advantageous. If one f i n d s  i t  necessary t o  l i m i t  t h e  response 
of a d e t e c t o r  t o  t h e  vacuum W then  a m a t e r i a l  l i k e  Cu-I 
is u s e f u l .  N o t e  the high y i e l d  of t h i s  Cu-I photosurface* 
F i n a l l y  i n  Figure 1 t h e r e  a r e  shown i n  dashed l i n e s  f o r  
comparison purposes,  t w o  examples of r e l a t i v e l y  narrow response 
vacuum W photo ioniza t ion  d e t e c t o r s  w h i c h  w i l l  be descr ibed  
i n  t h e  l a t e r  paper, WC 19. I n  t h e  success ive  f i g u r e s  w e  s h a l l  
d i scuss  some of the  composite cathodes.  

I 

I 

I n  Figure 2 t h e r e  a r e  shown t w o  groupings of Rb-Te 
opaque cathodes.  
extremes of many tubes  prepared by Roderick of GE. Note t h e i r  

high e f f i c i e n c i e s  a t  2500A. On t h e  other hand, the  opaque 
s u r f a c e s  prepared by Kretschmar of Naval Ordnance Laboratory 
Corona, w h i l e  e x h i b i t i n g  lower y i e l d s ,  provide h igher  s e l e c t i v i t y .  
This  may be due t o  l i t t l e  o r  no excess rubidium. Curve 1, fo r  
example, r e f e r s  t o  a photocathode having a y i e l d  of 7% a t  
25378 and a rejection r a t i o  of 10 over  t h e  narrow wavelength 
i n t e r v a l  2900-3300A. 

Curves 4 and 5 r ep resen t  t h e  average of the  

3 

I n  Figure 3, w e  compare a v a r i e t y  of Cs-Te cathodes.  I t  
should be mentioned here t h a t  w e  have found no major d i f f e r e n c e s  
between rubidium and cesium t e l l u r i d e  cathodes w i t h  r e spec t  
t o  either quantum y i e l d  of r e j e c t i o n  r a t i o s .  However, t h e r e  
is preference by the  manufacturers i n  t he  p repa ra t ion  of 
t he  cesium t e l l u r i d e  over  t he  rubidium t e l l u r i d e .  Accord ing ly ,  
e f f o r t s  t h i s  p a s t  year have been d i r e c t e d  towards t h e  cesium 
compound. The curves  marked XCD-12 and FW 157-1 show t h e  
s p e c t r a l  response of sapphi re  windowed opaque photodiodes. 
The curve marked 5883 refers t o  t h e  opaque cathode of a 13 
s t a g e  photomul t ip l ie r  w i t h  LiF window e N o t e  t h a t  b e t t e r  
than 10% y i e l d  is achieved w i t h  these opaque ca thodes ,  whereas 
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w i t h  t h e  two lower cu rves  numbered 151 and 152, which refer  t o  
semi- t ransparent  photocathodes i n  a 14 s t a g e  p h o t o m u l t i p l i e r ,  
t h e  y i e l d s  a r e  cons ide rab ly  lower. I t  is not  c l e a r  w i t h  t h e  

l i m i t e d  da ta  on hand whether t h i s  is due t o  a c o n d u c t i v i t y  
problem or incomplete photon cap tu re .  On t h e  o t h e r  hand a s e m i -  
t r a n s p a r e n t  cathode j u s t  behind t h e  f r o n t  window r e s u l t s  i n  
f a r  better o p t i c a l  coup l ing  than  is p o s s i b l e  i n  recessed 
opaque cathodes.  Th i s  is f r e q u e n t l y  an impor tan t  c o n s i d e r a t i o n  
i n  a p p l i c a t i o n .  

bu t  maintain t h e  same s c a l e s .  Curve number 6 r e f e r s  t o  t h e  
e a r l i e r  work by T a f t  and Apker who s t u d i e d  v a r i o u s  iod ide  

compounds evaporated on opaque m e t a l l i c  d i s c s .  Curve number 3 
r e p r e s e n t s  o u r  r e c e n t  measurements of s p e c t r a l  d i s t r i b u t i o n  
of y i e l d  from C s - I  prepared by Sommer. Here t h e  photocathode 
is depos i t ed  on a conduct ing s u b s t r a t e  of t h i n  t ungs t en  
immediately behind t h e  LiF window which makes p o s s i b l e ,  a g a i n ,  
convenient  end-on coupl ing .  The t w o  cu rves  number 3 and 6 
a r e  q u i t e  s i m i l a r .  The s l i g h t l y  lower y i e l d  a t  wavelengths 
g r e a t e r  than 1400A might be a t t r i b u t a b l e  t o  a t r a n s m i t t a n c e  
loss  i n  the  tungs t en  conduct ing s u b s t r a t e .  More work is  needed 
on t h e  s u b j e c t  of t h e  e f f e c t  of semi- t ransparent  conduct ing 
s u b s t r a t e s .  Curves 1, 2 and 5 a r e  r ep roduc t ions  of t h e  work of 
T a f t  and h i s  co l l eagues  and a r e  shown he re  f o r  comparison and 
f o r  sugges t ion  of s u r f a c e s  which shou ld  be considered i f  shorter  
wavelength c u t - o f f s  a r e  of i n t e r e s t .  The Copper I o d i d e ,  Curve 
4 ,  is d i scussed  a long  w i t h  t h e  curves  of F igu re  5. 

In  Figure 4 w e  move t o  t h e  h ighe r  work f u n c t i o n  m a t e r i a l s  

.. 

t- 

I n  Figure 5, f o r  the f i rs t  t i m e  i n  t h i s  sequence of 
c u r v e s ,  we have changed t h e  s c a l e s  so  t h a t  n ine  o r d e r s  of 
magnitude may be d i sp layed .  Curve 1 is  t h e  f a m i l i a r  Cs-Sb, 
comparat ively f l a t  w i t h  a quantum y i e l d  of 10%. Curve 2 is 
t h e  Sommer C s - I  s u r f a c e  a l r e a d y  d i scussed .  However, he re  w e  
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6 can show t h a t  a t  25378 t h e  absolute  y i e l d  is  o n l y  7 X 10- . 
This  was measured wi th  a c a l i b r a t e d  low pressure  mercury arc. 
Curve 3 is a r e s u l t  of our  recent  measurements of a Cu-I 
semi-transparent su r f ace  on tungsten deposi ted on a LiF 
window which was prepared by Sommer. This  response is s i m i l a r  
t o  t h a t  of h i s  Cs - I  tube ,  curve 2 ,  except  for  t h e  much improved 
long wavelength r e j e c t i o n  r a t i o  which is a t  l e a s t  7 o r d e r s  of 
magnitude between 1849A and 25378. The upper l i m i t  of y i e l d  
a t  t h e  l a t te r  wavelength we  determined a s  less than lo-’. 
W e  compared t h e s e  measurements wi th  t h e  r e s u l t s  r epor t ed  i n  
1960 by Shuba and Smirnova’ who es t imated  a quantum y i e l d  of 
10-1 a t  the  short  wavelengths but only a 6 order of magnitude 
r e j e c t i o n  r a t i o .  D. W. Turner’ of Imperial  College r epor t ed  
i n  1957 a copper iod ide  photoemitter w i t h  a cut-off  a t  23008 
(al though he does n o t  d e f i n e  cut-off)  and a peak y i e l d  somewhere 

between 10- and un i ty .  Copper Iodide thus  makes a u s e f u l  
d e t e c t o r  f o r  spec t roscop ic  s t u d i e s  i n  t h e  vacuum u l t r a v i o l e t  
no t  on ly  because of high y i e l d  but because i t  makes n e g l i g i b l e  
t h e  e f f e c t  of scattered l i g h t ,  der ived  p r imar i ly  from t h e  
longer  wavelength emission of t h e  hydrogen o r  o t h e r  gaseous 
d ischarge  tubes  gene ra l ly  used wi th  vacuum monochromators, 
I t  is a l s o  i n t e r e s t i n g  t o  compare copper iod ide  w i t h  n i c k e l ,  
Curve 4 and 4 a ,  which was obtained by combining middle and 
vacuum W measurements made i n  1953 a s  shown. Cu-I should be 

f a r  m o r e  advantageous i n  t h i s  region than n i cke l .  Up t o  now 
n i c k e l ,  and o t h e r  s i m i l a r  m e t a l  photocathodes w e r e  about t h e  
only detectors i n  t h i s  reg ion  which w e r e  r e a d i l y  a v a i l a b l e .  
F i n a l l y  one should a l s o  compare t h e  Cu-I e f f i c i e n c y  wi th  t h a t  
of tungs ten ,  curve 5 .  The open window Bendix pho tomul t ip l i e r ,  
w i t h  tungs ten  cathode,  used ex tens ive ly  by Hinteregger  and 
r e c e n t l y  by Behr ing  and Neupert a t  our  l a b o r a t o r i e s ,  is  advant- 
ageous below 1 0 0 0 A .  
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I n  Figure 6 w e  show photographs of va r ious  photodiodes 
which w e  have s tud ied  r ecen t ly .  The ETT photodiode shown a t  
t h e  extreme r i g h t  has been flown r e c e n t l y  i n  an Aerobee-Hi 
sounding rocket a s  p a r t  of a s o l a r  f l u x  photometric experiment 
i n  t h e  middle u l t r a v i o l e t .  The phototube t h i r d  from t h e  l e f t ,  
made by Kretschmar a t  t h e  Naval Ordnance Laboratory i n  Corona, 
has proved very use fu l  i n  labora tory  radiometry. 

Figure 7 shows some of t h e  photomul t ip l ie rs  s tud ied .  
(See Figure cap t ions . )  - 

Time does not permit any f u r t h e r  d i scuss ion  here  of a l l  
t h e  var ious conf igura t ions  and s u r f a c e s  examined by us .  W e  

a r e  indebted t o  many i n d u s t r i a l  and government l a b s  for  t h e i r  

preparat ion of t h e  var ious  photodetectors .  Time does not permit ,  
e i ther ,  a thorough d iscuss ion  on r e l a t i v e  and absolu te  
c a l i b r a t i o n .  B r i e f l y ,  r e l a t i v e  curves of t h e  d i s t r i b u t i o n  of 
pho toe lec t r i c  y i e l d  of t he  var ious  s u r f a c e s  were obta ined  by 
us ing  a McPherson 1 meter g r a t i n g  monochromator and t h e  double 
monochromator of t he  Cary spectrophotometer. By comparison 
of t h e  cathode response wi th  t h e  response of sodium s a l i c y l a t e ,  
which is considered to  have a r e l a t i v e l y  cons tan t  quantum 
y i e l d  over t h e  wavelength regions considered here, a t r u e  
r e l a t i v e  response is obtained. These r e l a t i v e  response 
curves were put on an absolu te  b a s i s  by us ing  a c a l i b r a t e d  
mercury a rc  l i n e  a t  2537A and i n t e n s e  l i n e s  of o t h e r  discharges.  

Figure 8 then is a summary of measurements w e  have made 
during the  pas t  year on c u r r e n t l y  a v a i l a b l e  window and f i l t e r  
ma te r i a l s .  Curves 7 ,  8 and 9 a r e  u s e f u l  i n  s u b t r a c t i v e  f i l t e r  
photometry. The o t h e r  m a t e r i a l s  a r e  u s e f u l  a s  detector windows 
o r  a s  a supplementary window t o  narrow t h e  photodetector  
s p e c t r a l  band. Note t h e  t w o  curves numbered 5 which, r ep resen ta t ive  
of m o s t  c r y s t a l  windows, i n d i c a t e  t h a t  t h e  W t ransmi t tance  
q u a l i t i e s  can vary g r e a t l y  from c r y s t a l  t o  c r y s t a l .  

6 



F i n a l l y  t h e r e  is presented i n  F igure  9 a summary t a b l e .  
The upper f i g u r e  i n  each box r e f e r s  t o  t h e  wavelength a t  which 
t h e  response is 50% of maximum and t h e  lower f i g u r e  is t h e  
wavelength a t  1% of m a x i m u m ,  The shaded a rea  i n d i c a t e s  a 
c a l c u l a t e d  or  averaged va lue ,  whereas the  c l e a r  a r e a s  i n d i c a t e  
a c t u a l  measured tubes.  The i n t e n t i o n  is t o  i n d i c a t e  s o m e  of 
t h e  wide v a r i e t y  of poss ib l e  photodetector  cambinations wi th  
o r  without  d i spe r s ion  o p t i c s  which w e  a r e  or  w i l l  be us ing  i n  
ou r  space astronomy and geophysics experiments from rockets 
and satell i tes.  
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Captions 
See sepa ra t e  shee ts .  
Spec t r a l  response curves of rubidium t e l l u r i d e  
opaque photocathodes. 
Spec t r a l  response  curves  of cesium t e l l u r i d e  
photocathodes. The upper curves  r e f e r  t o  
opaque and t h e  bottom two curves  t o  s e m i -  
t r anspa ren t  cathodes. 
Spec t r a l  response  curves  of a v a r i e t y  of high 
work func t ion  cathodes f o r  the  vacuum u l t r a -  
v i o l e t .  
Spec t r a l  response curves of a v a r i e t y  of 
photocathodes showing t h e  high r e j e c t i o n  of 
s o m e  of t h e  iodide compounds a t  longer  wavelengths. 
The advantage of the  r e l a t i v e l y  high y i e l d  
composite photosurface over t h e  l o w e r  y i e l d  pure 
meta ls  is a l s o  ev ident .  
Photodiodes examined a t  t h e  Goddard Labora tor ies .  
(1-r) CBS, Cs-Sb with Sapphire;  Westinghouse, sample, 
C s - I  wi th  LiF; Kretschmar of Naval Ordnance Lab 
Corona, Rb-Te w i t h  9741 g l a s s ;  RCA, Cs-Te w i t h  

LiF; ASCOP, Cs-Te wi th  LiF; ASCOP, Cs-Te w i t h  

s apph i re ;  ASCOP, bare  tube ;  ITT, Cs-Te wi th  
sapphi re .  
Pho tomul t ip l i e r s  examined a t  t h e  Goddard 

Labora tor ies .  (1-r) EMI, 625613; RCA, 1P28; 
RCA 7151C; ASCOP, 541F; ASCOP, bare  tube ;  RCA 
experimental  model; CBS, CL1067. 
Window t ransmi t tance  cu t -o f f s  i n  t h e  W reg ion .  
The t w o  curves  numbered 5 i n d i c a t e  the v a r i a t i o n  
i n  W t ransmission q u a l i t i e s  of commercial 
ma te r i a l s .  



Figure 9: Table i n d i c a t e s  the v a r i e t y  of s p e c t r a l  
response regions a v a i l a b l e  by combining 
d i f f e r e n t  window and cathode m a t e r i a l s ,  The 
second column from t h e  l e f t  g ives  the s h o r t  
wavelength cu t -o f f ,  t h e  remaining columns 
g ive  the  long wavelength cu t -o f f .  The upper 
number g ives  t h e  wavelength where t h e  response 
is 50% of the maximum response,  the lower 
number g ives  t h e  wavelength a t  1%. Boxes wi th  
double l i n e s  i n d i c a t e  c a l c u l a t e d  or averaged 
values .  
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Figure  1: Shown here  a r e  s p e c t r a l  responses (pho toe lec t r i c  

y i e ld )  of s e v e r a l  photocathode m a t e r i a l s  i n  t h e  
vacuum and middle u l t r a v i o l e t  wavelength reg ions .  

i n d i c a t e  t h e  responses of c u r r e n t l y  a v a i l a b l e  
photomul t ip l ie rs  having cathodes of cesium- 
antimonide and enve lopes  of g l a s s ,  9741 and 
fused  s i l i c a  r e spec t ive ly .  

The curves marked 1P21, 1P28 and 7200 

The curve marked Cs-Sb m] gives  t h e  
measured response of a photomul t ip l ie r  having 
i n  a d d i t i o n  t o  a cesium-antimonide photocathode 
as above, a window of calcium f l u o r i d e  c r y s t a l  
which extends its W response down t o  1250 
Angstroms. 

The curve marked Rb-Te r e p r e s e n t s  a t y p i c a l  
response of what is c a l l e d  a " so la r  bl ind" 
photocathode. This t e r m  r e f e r s  t o  t h e  f a c t  
t h a t  t h e  photosurface is r e l a t i v e l y  i n s e n s i t i v e  
t o  a l l  v i s i b l e  and near  u l t r a v i o l e t  wavelengths 
and therefore has very l i t t l e  response  t o  the 

s u n ' s  l i g h t  a s  seen through the e a r t h  s 
atmosphere. 

The curve marked C s - I  lml gives  the  

response of a photosurface which rejects even 
m o r e  of t h e  middle and near  u l t r a v i o l e t  a s  w e l l  
a s  t h e  v i s i b l e  wavelengths. 

of t w o  photodetectors  which ope ra t e  not  by 
p h o t o e l e c t r i c  emis s ion  from a s o l i d  photocathode 
a s  i n  a l l  of t h e  above i l l u s t r a t i o n s ,  but by 

photo ioniza t ion  of a gas ce l l .  The curve marked 
EtS 1-1 r ep resen t s  the response of e thylene  
s u l f i d e  gas i n  a chamber wi th  a barium f l u o r i d e  
window. The other curve g ives  the  i o n i z a t i o n  
y i e l d  of e thy lene  oxide gas i n  an ion  chamber w i t h  
l i t h ium f l u o r i d e  windows. 

The t w o  dashed curves r ep resen t  t h e  response 
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SHORT WAVELENGTH 

GLASS 3220 
3050 

CORNING 2 160 
974 1 1780 

1620 
S I L I C A  1550 

SAPPHIRE 1460 

CUT-OFF (A) 

1420 

1220 

1050 

CaFZ 1300 

L i F  1120 

U p p e r  Figure SO%, l o w e r  figure 1% maximum 
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CHARACTERISTICS OF A PHOTOIONIZATION CHAMBER 

FOR THE VACUUIM. ULTRAVIOLET 

John P. Hennes, Reuben Scolnik and Alf red  K. Stober  

Goddard Space F l i :  h t  C e n t e r  4 

Greenbel t ,  Maryland 
National Aeronautics and Space Adminis t ra t ion 

Paper No. WC 19,  presented  a t  t h e  L o s  Angeles meeting 
of t h e  Op t i ca l  Society of America, 

October 18, 1961. 

Some of t h e  v a r i e t i e s  of photocathodes a v a i l a b l e  i n  t h e  

vacuum and middle u l t r a v i o l e t  regions having been covered i n  

t h e  previous papers ,  WC 17 and WC 18, w e  now t ake  up t h e  photo- 

d e t e c t o r s  represented  by t h e  two narrow, dashed s p e c t r a l  response 

curves a t  t he  s h o r t  wavelength end of Figure 1, which p i c t u r e s  

the  s p e c t r a l  reg ion  from lOOOA i n  t h e  vacuum UV t o  3500A i n  the  

near UV. These r e l a t i v e l y  narrow responses  are given by com- 

b in ing  gases  which w i l l  photoionize when exposed t o  photons wi th  

e n e r g i e s  g r e a t e r  than 7' t o  10 e v ,  with windows which w i l l  only 

pass  photons with ene rg ie s  less than  about t h e  s a m e  7 t o  10  ev.  

When p rov i s  - *  is made t o  c o l l e c t  t h e  i o n s  produced i n  t h e  gas  

by i n c i d e n t  photons t h e  device is c a l l e d  an ion  chamber 

P i c t u r e d  i n  Figure 2 a r e  some of t h e  chambers which have 

been developed a t  Goddard Space F l i g h t  Center and are being used 

c u r r e n t l y  i n  both l abora to ry  and rocke t  experiments.  These tubes  

c o n s i s t  of s m a l l  ceramic s h e l l s ,  go ld  p l a t e d  on t h e  i n s i d e ,  f i t t e d  

1 



1 w i t h  a c e n t r a l  c o l l e c t i n g  w i r e  e l e c t r o d e  and having a window of 

, and rugged and has  i n  a d d i t i o n  both a very low electrical  leakage 

s u i t a b l e  t ransmission p rope r t i e s .  A completed c r y s t a l  window 

I and good vacuum s e a l i n g  p r o p e r t i e s  

chamber is shown i n  t h e  c e n t e r  of t h e  i l l u s t r a t i o n ,  a long w i t h  

~ 

Figure  3 shows a s e c t i o n  of the  ion  chamber, which has a n  

an un f in i shed  tube a t  the  l e f t  and a tube having an aluminum 

window, a t  t he  1-ight, f o r  use  i n  the s o f t  x-ray r eg ion .  

The m o s t  d e s i r a b l e  f e a t u r e s  of an ion  chamber f o r  use as 

a vacuum u l t r a v i o l e t  de t ec to r  are: 1) its i n s e n s i t i v i t y  t o  a l l  

longer  wavelength s t r a y  l i g h t  and backgrounds; 2)  its r e l a t i v e l y  

h igh  s e n s i t i v i t y ;  3) its s t a b i l i t y  i n  response,  and 4) its c o m -  

p a r a t i v e l y  s m a l l  s i z e .  

Ion chambers and photon counters  of a s i m i l a r  n a t u r e  w e r e  

f i r s t  used i n  a series of rocke t  experiments a t  t h e  Naval Research 

Laboratory i n  t h e  1950's.  2'3 From t h e  experience gained i n  us ing  

these earlier photo ioniza t ion  de tec to r s  a new design f o r  ion  

chambers w a s  developed a t  Goddard, s t a r t i n g  i n  February 1959, 

which has r e s u l t e d  i n  an ion  chamber w h i c h  cont inues  t o  be s m a l l  

i n s i d e  diameter of about 3/4 inches and an i n s i d e  l e n g t h  of about 

1 inch .  The she l l  is of alumina ceramic which has been made f o r  - 
. u s  by  t h e  Coors Porce l a in  Co i n  Golden, Colorado. The i n s i d e  

of t h e  s h e l l  has  s e v e r a l  l a y e r s  of metal l ic  depos i t s  ending w i t h  

a gold  p l a t i n g .  Around t h e  c e n t r a l  p i n  c o l l e c t o r  e l e c t r o d e  where 

i t  passes through t h e  s h e l l  is a n  electrical  guard r i n g  which is 

normally kept  a t  ground p o t e n t i a l ,  
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The window is h e l d  onto a gold p l a t e d  s i l v e r  f lange  by 

s e v e r a l  c o a t s  of an epoxy such as one of t h e  Hysols, The f l ange  

is i n  t u r n  f a s t ened  t o  t h e  m e t a l  p l a t e d  ceramic s h e l l  by so: t 

s o l d e r .  

have been used as w e l l  as  some t h i n  berylium and aluminum f o i l s  

f o r  t h e  s o f t  x-ray reg ion .  

Window materials of L i F ,  CaF2 and BaFZ cleaved crystals  

Af te r  t h e  windows are put on and baked, t h e  tube is pumped 

through t h e  long copper tubu la t ion  t o  a p re s su re  nf about 1 x 

mm Hg, or u n t i l  no more ;tgassing is e v i d e n t ,  

The f i l l i n g  gas is then introduced and the  tube pinched 

o f f  and dipped i n  s o l d e r .  The choice of t h e  gas is determined 

by t h e  s p e c t r a l  reg ion  of i n t e r e s t ,  t ha t  is by s e l e c t i n g  a gas  

with a proper i o n i z a t i o n  p o t e n t i a l  The f i l l i n g  pressure  i n  t h e  

tubes  d iscussed  here  range from 5 t o  20 mm Hg and are determined 

e m p i r i c a l l y  f o r  each gas .  The chamber having been f i l l e d  and 

pinched of f  its i o n i z a t i o n  p rope r t i e s  can be measured on a mono- 

chromator. Many of these  chambers have been assembled by us  i n  

t h e  las t  2 y e a r s ,  bu t  it is hoped t h a t  i n  t h e  f u t u r e  complete 

tubes  w i l l  become a v a i l a b l e  from commercial sources .  P r o p e r t i e s  

of prime i n t e r e s t  are t h e  quantum e f f i c i e n c y  a t  some given wave- 

l e n g t h ,  t h e  fhape of t h e  s p e c t r a l  response and t h e  behavior of 

t h e  chamber when operated i n  the gas ga in  r eg ion  a t  high vo l t ages .  

F igures  4 ,  5 and 6 show t h e  measured y i e l d s  of f i v e  of t h e  

f i l l i n g  gas  and window material  combinations which have been used 

r e c e n t l y  i n  s o m e  rocket  experiments. Note t h a t  t h e  wavelength 

scales are t h e  s a m e  i n  each f i g u r e  bu t  have been s h i f t e d  from 
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I .  

one f i g u r e  t o  t h e  next .  

Figure 4 shows t h e  response of e thylene  oxide and carbon 

d i s u l f i d e  with LiF windows. Points  are shown r a t h e r  than  curves  

so t h a t  any poss ib l e  f i n e  s t r u c t u r e  w i l l  not  be concealed. The 

r e s o l u t i o n  of our monochromator w a s  about 2-3 Angstroms. Note 

t h e  high y i e l d s  of CS2, providing 50-60s quantum e f f i c i e n c i e s .  

Figure 5 shows t h e  response of n i t r i c  oxide and acetone 

with CaF2 w i n d o w s .  

s t r u c t u r e  i n  its i o n i z a t i o n  curve,  only some of t h e  f e a t u r e s  of 

which appear i n  t h i s  f i g u r e .  Note t h a t  the  acetone curve has  

only  about a 50 A bandwidth. 

NO is known t o  have a g r e a t  dea l  of f i n e  

Figure 6 shows e t h y l  s u l f i d e  combined w i t h  a BaF2 window. 

Since t h e s e  measurements were made w e  have found t h a t  i n  t h e  

s e v e r a l  tubes  which w e r e  made containing e t h y l  s u l f i d e ,  t h e  re- 

sponse has  f a l l e n  off  by a f a c t o r  of 100 i n  t h e  two months s i n c e  

f i l l i n g .  Evident ly  s o m e  more i n v e s t i g a t i o n  of e t h y l  s u l f i d e  

photo ioniza t ion  is necessary before  it can be used s u c c e s s f u l l y .  

The o t h e r  chambers which have been mentioned have been found t o  

hold up very w e l l ,  a l though no very exhaus t ive  tests have been 

made of t h e i r  d u r a b i l i t y .  

I n  a more compressed view of t h i s  s p e c t r a l  reg ion  t h e  

f i v e  ion  chambers w i l l  look a:+ hown i n  Figure 7 .  There is a 

cons iderable  v a r i a t i o n  i n  both quantum y i e l d s  and s p e c t r a l  re- 

sponse reg ions  a v a i l a b l e .  These response measurements w e r e  

made on a 1 m e t e r  monochromator. The shape of t h e  s p e c t r a l  re- 

sponse is determined by a comparison of t h e  ion  chamber response 

t o  a hydrogen arc lamp, w i t h  t h e  response of sodium s a l i c y l a t e ,  
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coa ted  on the face p l a t e  of a photomul t ip l ie r ,  t o  t h e  same hydro- 

gen lamp. The f luorescence  y i e l d  of sodium s a l i c y l a t e  is assumed 

t o  be f a i r l y  cons tan t  over t h i s  wavelength reg ion  from 1000 t o  

1500 A .  

F igure  8 shows t h e  arrangemtat for making measurements 

with t h e  ceramic ion  chambers. From 20 t o  60 v o l t s  g ives  a good 

f l a t  p l a t e a u  reg ion  f o r  ion  c o l l e c t i o n .  The guard r i n g  is normally 

kept  grounded. Note t ha t  i n  a d d i t i o n  t o  the i o n  chamber window 

there is a LiF window as p a r t  of t h e  monochromator e x i t .  The 

reg ion  between t h e  two windows is evacuated by an e x t e r n a l  pumping 

system. The same monochromator f lange  is used f o r  t he  sodium 

s a l i c y l a t e  coa ted  photomul t ip l ie r  and t h e  s t anda rd  ion  chamber 

which is used t o  determine t h e  absolu te  i o n i z a t i o n  y i e l d s .  

F igure  9 shows t h e  s c h e m a t i c  use of a s t anda rd  i o n i z a t i o n  

chamber which is used w i t h  n i t r i c  oxide t o  determine t h e  abso lu te  

f l u x  of t h e  monochromator a t  Lyman Alpha, 1216 Angstroms. U t i -  

l i z i n g  t h e  work of Watanabe4 the abso lu te  photo ioniza t ion  y i e l d  

of NO is taken t o  be 81%.5 The s tandard  tube has a l a r g e  volume 

and is opera ted  a t  low p res su res  of about 6-8 mm H g .  Large f l a t  

p l a t e  collectors, r i g i d l y  mounted t o  avoid v i b r a t i o n  pickup, pro- 

v ide  e f f i c i e n t  c o l l e c t i o n  of a l l  t h e  photoions produced by t h e  

inc iden t  Ly Alpha l i g h t .  The  f l a t  sodium s a l i c y l a t e  response is 

used t o  t r a n s f e r  the  quantum y i e l d  measurements f r o m  Ly Alpha tt 

o t h e r  selected wavelengths. This technique is also u s e f u l  f o r  

c a l i b r a t i o n  of t h e  s h o r t  wavelength photocathodes mentioned i n  

paper WC 17 
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I n  many cases t h e  incident  f l u x  is so  s m a l l  t h a t  it be- 

comes desirable t o  ope ra t e  w i t h  a d e t e c t o r  t h a t  has a c e r t a i n  

g a i n  or m u l t i p l i c a t i o n  factor i n  order  t o  ob ta in  measurable 

s i g n a l s .  I f  t h e  vo l tage  across  t h e  ion  chamber is raised p a s t  

t h e  20-60 v o l t  p l a t eau  reg ion  t h e  s i g n a l  begins  t o  inc rease  as 

shown i n  Figure 10. N o t e  that  each tube has a r eg ion  i n  which 

t h e  g a i n  is exponent ia l  but t h a t  a t  higher  vol tages  t h e  p o i n t s  

begin t o  move above t h e  s t r a i g h t  l i n e  p o r t i o n  and t h e  tube  

r a p i d l y  becomes uns t ab le .  Wi th  a good chamber,gains of 1000 

can be reached w i t h  vo l t ages  of t h e  order of 700-800 v o l t s .  

These ion  chambers have been used i n  s e v e r a l  rocket-borne 

experiments which have measured t h e  f l u x  f r o m  var ious  n igh t  sky 

sources' and have also served  as u s e f u l  t o o l s  i n  l abora to ry  

spec t roscop ic  s t u d i e s .  I n  t h e  s te l la r  f l u x  measurements t h e  

s i g n a l  measured, with t h e  tube opera ted  a t  a ga in  of about 1000, 

is on t h e  order 10  

t h e  g a i n  is of course  very s e n s i t i v e  t o  vol tage  f l u c t u a t i o n s .  

These ion  chambers have also been opera ted  as so f t  x-ray d e t e c t o r s  

by combing a gas f i l l i n g  of one atmosphere of Xenon w i t h  1 m i l  

t h i c k  berylium window. Such devices are u s e f u l  i n  making solar 

x-r$y measurements i n  t h e  1-8 A reg ion .  

amps. Because of the  s t e e p  ga in  curves ,  -12 

I n  a l l  of t h e  ion  chambers d iscussed  here the  s h o r t  wave 

l eng th  l i m i t  has been determined by t h e  t ransmiss ion  cu to f f  

l i m i t s  of one of three m a t e r i a l s ;  LiF, CaF2 or BaF2 c r y s t a l s .  

I n  a d d i t i o n  t o  these materials, c r y s t a l s  of NaF and sapphi re  

could  also p lay  a u s e f u l  r o l e  i n  de f in ing  p a r t i c u l a r  wavelength 
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response r eg ions .  

F i n a l l y  included here  is a t a b l e  summarizing t h e  most 

p e r t i n e n t  f e a t u r e s  of these i o n  chambers. The quantum e f f i c i e n -  

cies l i s t e d  r ep resen t  the v a r i a t i o n  over t h e  peak response 

p o r t i o n  of t he  s p e c t r a l  response curves.  The v a r i a t i o n  i n  

i o n i z a t i o n  y i e l d  f o r  a given type of gas  and window combination 

w i l l  be  about 10% from tube t o  tube ,  most of which is probably 

due t o  v a r i a t i o n s  i n  t h e  window t ransmi t tance .  

NASA ION CHAMBERS 

GAS CHEMICAL W I N D O W  SPECTRAL Q.E.* 
FILLING FORMULA MATERIAL RESPONSE (4%) 

(ANGSTROMS) 

Ethylene Oxide (CH2)20 LiF 1050-1180 

LiF 1050-1240 cs2 Carbon Disu l f ide  

Acetone CH3COCH3 CaF2 1230-1290 

N i t r i c  Oxide NO CaF2 1230-1350 

N i t r i c  Oxide NO LiF 1050- 13 50 

1350-1480 
2 

Ethyl  S u l f i d e  (C2H5> 2s BaF 

10-20 

50-60 

8-10 

10-30 

10-50 

10-25 

* Based on a value of 81% f o r  NO a t  Ly-a 
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l b  

Captions 

F igure  1: Shown here are t h e  spectral responses  (pho toe lec t r i c  

y i e l d )  of s e v e r a l  photocathode materials i n  the vacuum 

and middle u l t r a v i o l e t  wavelength r eg ions .  The curves 

marked 1P21, 1P28 and 7200 i n d i c a t e  t h e  responses  of 

c u r r e n t l y  a v a i l a b l e  photomul t ip l ie rs  having cathoties 

of cesium-antimonide and envelopes of g l a s s ,  Corning 

9741 and fused  s i l i c a  r e s p e c t i v e l y .  The curve marked 

Cs-Sb CaF2 g ives  t h e  measured response of a photo- 

m u l t i p l i e r  having i n  a d d i t i o n  t o  a cesium-antimonide 
17 

photocathode as above, a window of calcium f l u o r i d e  

c r y s t a l  which extends i ts  UV response down t o  1250 

Angstroms. The curve Marked Rb-Te r e p r e s e n t s  a 

t y p i c a l  response of what is called a " so la r  b l ind"  

photocathode. The curve marked C s - I  LiF g ives  t he  

response of a photosurface which rejects even more of 
1-1 

the  middle and near u l t r a v i o l e t  as w e l l  as the  v i s i b l e  

wavelengths, The two dashed curves  r e p r e s e n t  t h e  

response of t w o  photodetectors  which ope ra t e  not  by 

p h o t o e l e c t r i c  emission from a s o l i d  photocathode as 

i n  a l l  of t h e  above i l l u s t r a t i o n s  but  b y  photo ioniza t ion  

of a gas ce l l .  The curve marked EtS BaF r e p r e s e n t s  

t h e  response of e thylene s u l f i d e  gas i n  a chamber w i t h  

n 
a barium f l u o r i d e  window. The other curve g ives  t h e  

i o n i z a t i o n  y i e l d  of e thylene  oxide gas i n  an ion  chamber 

w i t h  l i t h ium f l u o r i d e  windows. Such photo ioniza t ion  
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0 Figure  2: 

Figure 3: 

Figure 4: 

Figure 5: 

F igure  6 :  
c 

Figure  7 :  

chambers w i t h  t h e i r  very narrow response reg ions  and 

high quantum y i e l d s  have proved very u s e f u l  i n  vacuum 

u l t r a v i o l e t  spectroscopy and s te l la r  astronomy from 

rockets. 

Photograph of three NASA ceramic ion  chambers. A t  

l e f t  is an unf in ished  chamber w i t h  a LiF c r y s t a l  

window and a gold p l a t e d  window f l ange  l y i n g  i n  f r o n t  

of the  ceramic she l l .  I n  the  center is a completed 

ion  chamber. A t  the  r i g h t  is an ion  chamber w i t h  an 

aluminum window f o r  use  i n  t h e  s o f t  x-ray reg ion .  

Cross s e c t i o n  of a ceramic ion  chamber. The alumina 

ceramic s h e l l  is coated on t h e  i n s i d e  w i t h  f o u r  

metallic l a y e r s  as shown. 

Quantum y i e l d  of e thylene oxide and carbon d i s u l f i d e  

ion  chambers w i t h  L i F  windows. 

Quantum y i e l d  of n i t r i c  oxide and acetone ion  chambers 

w i t h  CaF2 windows. 

Quantum y i e l d  of an e t h y l  s u l f i d e  ion  chamber w i t h  

BaFZ window. 

Ion chamber s p e c t r a l  response for  t h e  r eg ion  1000- 

1500 Angstroms. Smoothed curves  a r e  shown al though 

a c e r t a i n  amount of f i n e  s t r u c t u r e  is obscured i n  
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t h i s  way. N o t e  t h e  high quantum y i e l d s  and narrow 

response reg ions  of some of these photo ioniza t ion  

d e t e c t o r s .  

F igure  8 :  Schematic of ceramic ion  chamber ope ra t ion  f o r  cali- 

b r a t i o n .  The c e n t e r  p i n  is p o s i t i v e ,  t he  s h e l l  is 

negat ive.  The l i g h t  comes from the  monochromator a t  

l e f t ,  pass ing  through an  e x i t  window of LiF, an 

evacuated reg ion  between the two windows and i n t o  

the  ion  chamber. 

Figure 9: Schematic of t he  s tandard  ion  chamber opera t ion  f o r  

c a l i b r a t i o n .  The m e t a l  p l a t e  c o l l e c t i n g  e l e c t r o d e s  

are mounted r i g i d l y ,  a m e t a l  s h i e l d  around t h e  g l a s s  

envelope keeps down c a p a c i t i v e  p ick  up. 

Figure 10: Ion chamber gas gain v s  voltage.  Each ion  chamber 

e x h i b i t s  a reg ion  of exponent ia l  ga in  through the 

s t r a i g h t  l i n e  por t ion  of t h e  curve bu t  as the  vo l t age  

is increased  a r e g i o n  of i n s t a b i l i t y  is reached. 
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FIGURE 1 

See Figure 1 of Paper WC 17 
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